Genesis of the trophectoderm and inner cell mass (ICM) lineages occurs in two stages. It is initiated via asymmetric divisions of eight-and 16-cell blastomeres that allocate cells to inner and outer positions, each with different developmental fates. Outside cells become committed to the trophectoderm at the blastocyst stage through Cdx2 activity, but here we show that Cdx2 can also act earlier to influence cell allocation. Increasing Cdx2 levels in individual blastomeres promotes symmetric divisions, thereby allocating more cells to the trophectoderm, whereas reducing Cdx2 promotes asymmetric divisions and consequently contribution to the ICM. Furthermore, both Cdx2 mRNA and protein levels are heterogeneous at the eight-cell stage. This heterogeneity depends on cell origin and has developmental consequences. Cdx2 expression is minimal in cells with unrestricted developmental potential that contribute preferentially to the ICM and is maximal in cells with reduced potential that contribute more to the trophectoderm. Finally, we describe a mutually reinforcing relationship between cellular polarity and Cdx2: Cdx2 influences cell polarity by up-regulating aPKC, but cell polarity also influences Cdx2 through asymmetric distribution of Cdx2 mRNA in polarized blastomeres. Thus, divisions generating inside and outside cells are truly asymmetric with respect to cell fate instructions. These two interacting effects ensure the generation of a stable outer epithelium by the blastocyst stage.
The first cell fate decision in early mouse development is whether to become the pluripotent inner cell mass (ICM) or an extra-embryonic tissue, the trophectoderm. The genesis of these two lineages appears to occur in two stages. First, cells are allocated to different inside and outside positions via asymmetric divisions. Outer cells may divide asymmetrically, to generate one outer and one inner daughter cell, or symmetrically, in which case both daughters remain outside. There are two waves of these a/symmetric divisions: one at the eight-to 16-cell stage transition and the other at the 16-to 32-cell stage. Then, the cells in these different positions become specified-they become committed to restricted developmental fates. This involves interactions between different transcription factors that specify trophectoderm and ICM cell fate (Johnson and McConnell 2004; Rossant 2004; Zernicka-Goetz 2004) . Two hypotheses have been put forward to explain how inside and outside cells might start to differ from each other. The first stresses the importance of cell position (the "inside-outside" hypothesis, Tarkowski and Wroblewska 1967) . Thus, when the positions of cells are changed, they develop according to their new position. The second hypothesis stems from the discovery that cells become polarized along the apical-basal axis at the eight-cell stage (Ziomek and Johnson 1981) . When the polarized cells divide, outside cells inherit different cellular components than inside cells. Thus, in this second hypothesis it is cell division, rather than cell position, that initiates the generation of the different characteristics of the two cell types. More recently, it has been shown that the same molecules that regulate cell polarity in a variety of systems, including aPKC and Par3, also regulate, and are essential for, polarization of mouse blastomeres at the eight-cell stage (Plusa et al. 2005a ). However, an important question that has remained unanswered is whether, and if so, how, cell position or cell polarization might affect the expression of those genes that specify the first cell fate decisions in the mouse embryo.
The decision to form the trophectoderm reflects the first tip of the balance away from the pluripotent state. Pluripotency is ensured in blastomeres through the expression of the Oct4 and Sox2 transcription factors that together promote the expression of Nanog (Avilion et al. 2003; Niwa et al. 2005; Smith 2005; Strumpf et al. 2005) . Another transcription factor, Cdx2, appears to play a key role in trophectoderm specification, and its expression may in turn be regulated by the transcriptional regulator TEAD4 (Yagi et al. 2007; Nishioka et al. 2008 ). Cdx2 expression is important for down-regulating the expression of Oct4 and Nanog , and by the mature blastocyst stage, the distribution of these proteins has become spatially restricted such that Sox2, Oct4, and Nanog proteins are restricted to the ICM, while Cdx2 protein is found only in the trophectoderm. Indeed, in the complete absence of Cdx2, trophectoderm cell identity cannot be maintained in the blastocyst . It has been recently reported that the Oct4, Sox2, and Nanog proteins are initially expressed in both the inside and outside cells of the embryo (Dietrich and Hiiragi 2007; Ralston and Rossant 2008) . This has raised the question of how the spatial separation and restriction of expression patterns of these cell fate-determining transcription factors is regulated. This important question needs to be further addressed in the specific context of the onset of cell polarity and the asymmetric cell divisions.
The initiation of Cdx2 protein expression is heterogeneous among blastomeres at the eight-cell stage (Dietrich and Hiiragi 2007; Ralston and Rossant 2008) . Although it has been suggested that this heterogeneity develops at random (Dietrich and Hiiragi 2007) , the possibility that it may be influenced systematically in some blastomeres has not been excluded. For example, might the heterogeneity of Cdx2 among blastomeres be influenced by specific orientations of early cleavage divisions? Several studies have shown that the way in which the zygote is partitioned by these early cleavages can influence whether a blastomere will take more symmetric or asymmetric divisions and thereby influence the allocation of its progeny to different lineages and their developmental potential (Gardner 2001 (Gardner , 2002 (Gardner , 2007 Piotrowska and Zernicka-Goetz 2001; Torres-Padilla et al. 2007; Bischoff et al. 2008) . Viewed in this context, it is an open question whether the heterogeneity in the onset of Cdx2 expression occurs at random or is lineage-related (depends on cell origin). Finally, it remains unknown whether this early expression of Cdx2 is simply noise or whether it provides a signal important for development, for example, by affecting the subsequent type of cell division and thus allocation of cells to the inside versus outside populations that will form distinct lineages.
Here, we report a role for Cdx2 in reinforcing cell polarity: Cells in which Cdx2 levels are elevated prior to the generation of inside cells undertake more symmetric divisions and, consequently, contribute a greater proportion of their progeny to the trophectoderm than to the ICM. Conversely, the proportion of cells contributing to the trophectoderm is reduced following down-regulation of Cdx2. Thus, the level of Cdx2 expression before the inside cell population is set apart can influence cell allocation to inside and outside positions and thereby cell fate at later stages. Examination of the natural variation of Cdx2 levels among cells reveals that it depends on how the zygote becomes partitioned by early cleavage divisions. When the division of the second dividing twocell blastomere separates animal (A) from vegetal (V) material, its progeny express Cdx2 mRNA and protein significantly more abundantly than do blastomeres resulting from divisions parallel to the animal-vegetal (AV) axis, thus inheriting material from both poles of the zygote. Taken together, these findings add molecular and mechanistic insights to previous demonstrations that such cells contribute significantly more to the trophectoderm than to the ICM and are less pluripotent in embryological assays Bischoff et al. 2008) . They also provide some insight into the long-standing question of why, in normal development, some blastomeres divide symmetrically while others take asymmetric divisions. These findings led us to investigate how interdependent events before and after the development of cellular polarity at the eight-cell stage might influence allocation of cells to inner and outer positions and subsequently to commitment as ICM and trophectoderm. Thus, we describe a mutually reinforcing relationship between cellular polarity and expression of Cdx2: Cdx2 can influence cell polarity by up-regulating aPKC and stabilizing the polar phenotype, but Cdx2 distribution can also be influenced by cell polarity to ensure the localization of its mRNA to the outer blastomeres. We propose that the two mutually reinforcing processes of cell polarity and polarized distribution of Cdx2 transcripts facilitate the generation of a stable outer epithelium by the blastocyst stage, whereupon Cdx2 would exert its role to repress the expression of pluripotency genes, leading to commitment of ICM and trophectoderm fates.
Results

Cells expressing elevated Cdx2 make an increased contribution to the trophectoderm
The earliest stage at which Cdx2 is expressed might indicate the first time in development when its influence is felt. Therefore, we examined the expression pattern of Cdx2 protein throughout preimplantation development by immunofluorescence (Supplemental Fig. 1 ). This revealed Cdx2 to be present in a small, variable number of nuclei that increased from the early to late eight-cell stage as reported recently (Dietrich and Hiiragi 2007; Ralston and Rossant 2008) . By the late blastocyst stage, Cdx2 was detected only in the trophectoderm (Supplemental Fig. 1G ). This natural heterogeneity in Cdx2 among blastomeres at the eight-cell stage led us to investigate whether the level of early Cdx2 expression might have any developmental consequence. To address this, we modulated experimentally the level of Cdx2 in just half of the embryo, before asymmetric divisions start at the eight-cell stage, and followed the development to blastocyst. In the first series of experiments, we microinjected Cdx2 mRNA into a single late two-cell or early four-cell blastomere. Because daughter cells from the previous division still retain connections in the latter case, the mRNA transfers between the two cells, resulting in Cdx2 up-regulation in half of the embryo (Plusa et al. 2005a) . The fate of the Cdx2 mRNA-injected clone was followed by coinjecting mRNA for DsRed as a lineage marker. In control groups, one late two-cell or early four-cell blastomere was injected with mRNA for DsRed alone. Using these "injection mosaics," we first confirmed that the injection of Cdx2 mRNA, but not of DsRed alone, did indeed elevate the levels of Cdx2 protein by the eight-cell stage ( Fig. 1A,B ; Supplemental Fig. 2 ). The injected embryos were cultured to the 32-cell blastocysts, when cell allocation to inner and outer compartments is completed, and the contribution of the progeny of each clone to the trophectoderm and ICM was analyzed in 3D ( Fig. 1C,D Fig. 1E ). However, elevating Cdx2 expression significantly increased the proportional contribution of the clone to the trophectoderm and decreased its contribution to the ICM compared with the noninjected blastomere of the same embryo ( Fig. 1C-E) . Thus, the Cdx2 clone contributed to 38% of the ICM cells whereas the noninjected, control clone contributed to 62% of the ICM (n = 239 ICM cells; n = 20 embryos, Mann-Whitney test, P < 0.001) ( Fig. 1E ; Supplemental Table 1A) . Conversely, while 57% of trophectoderm cells were derived from the Cdx2 clone, the noninjected clone contributed 43% of trophectoderm cells (n = 386 trophectoderm cells; Mann-Whitney test, P < 0.001). This increased contribution to the trophectoderm and decreased contribution to the ICM was not due to the injection procedure itself, because the injection of DsRed mRNA alone did not lead to any significant changes in the contribution to specific lineages. Thus, the DsRed-expressing clone contributed to 50% of the trophectoderm and 48% of the ICM (n = 19 embryos, Mann-Whitney test, P = 0.401 for trophectoderm and P = 0.097 for ICM) ( Fig. 1E ; Supplemental Table 1B ). This suggests that elevation of Cdx2 expression can influence cell allocation and thereby cell fate decisions in the embryo such that cells with a higher level of Cdx2 contribute more cells to the trophectoderm and less to the ICM.
Elevation of Cdx2 expression increases the frequency of symmetric divisions
We argued that a greater proportion of Cdx2-expressing progeny might contribute to the trophectoderm either as a result of an increased frequency of symmetric divisions to generate more outside cells or due to the migration of an inside cell to the outside after an asymmetric division. To distinguish between these possibilities, we analyzed by time-lapse microscopy the behavior of every cell in the "Cdx2-mosaic" embryos (Fig. 2) .
Stacked DIC and fluorescence images were recorded as 4-µm serial optical sections at 15-min intervals. The identification of each cell and its progeny was possible as nuclei were marked by expression of H2B-EGFP (Supplemental Fig. 3 ; Hadjantonakis and Papaioannou 2004) . The 3D coordinates of every cell in 20 embryos were then traced using SIMI Biocell software, noting the placement of daughter cells in either the outer or inner positions at the beginning and end of the cell cycle, as described previously (Supplemental Movie 2; Bischoff et al. 2008) .
The numbers of symmetric and asymmetric divisions were recorded at the fourth cleavage (eight-to 16-cell, the first wave of asymmetric divisions) and, for outer cells only, at the fifth cleavage (16-to 32-cell; the second wave of divisions). In total we scored orientations of 160 divisions for the first wave (73 symmetric and 87 asymmetric) and 225 for the second wave (151 symmetric and 74 asymmetric) in these 20 embryos. The frequency of symmetric divisions was significantly higher in cells expressing elevated levels of Cdx2 compared with the noninjected cells in the same embryo. Thus, for the fourth cleavage, as many as 67% of all symmetric divisions Figure 2 . Elevation of Cdx2 expression promotes symmetric divisions. Cdx2 was overexpressed in one late two-cell/early four-cell blastomere, and embryos were followed by time-lapse microscopy to the blastocyst stage (two sample embryos shown in A-G and H-N). In controls, DsRed mRNA only was injected (O-V). Lineages were generated with SIMI Biocell software, and the centers of the nuclei from each clone are marked either red (injected clone) or blue (wild-type clone). Table 2 ).
were undertaken by Cdx2 mRNA-expressing cells, in comparison with only 33% by cells from the noninjected clone (Mann-Whitney test, P < 0.001) ( Fig. 2Z ; Supplemental Table 2A ). For the fifth cleavage, again the significant majority of symmetric divisions was undertaken by cells of the Cdx2 clone (61% vs. 39% for Cdx2 and wild-type clones, respectively [Fig. 2Z ]; Mann-Whitney test P < 0.001 [Supplemental Table 2A] ). For example, the Cdx2 clones in the two embryos shown in Figure 2 , A-G and H-N, underwent half as many asymmetric divisions (yellow cells) as the noninjected clone (light-blue cells). This increased occurrence of symmetric versus asymmetric divisions within the treated clone was not due to the injection procedure itself, as injection of DsRed mRNA alone did not lead to significantly different division orientation (Mann-Whitney test, P = 0.187 for the first wave and P = 0.484 for the second wave) (Supplemental Table 2B ). Comparisons of injected cells between embryos led to a similar result-the frequency of symmetric divisions was significantly elevated in Cdx2-injected clones compared with DsRed-injected clones (Mann-Whitney test, P = 0.048, P = 0.003, for the fourth and fifth divisions, respectively). No examples of internally positioned cells derived from a Cdx2 clone becoming repositioned on the outside were observed. Together, these results suggest that the level of Cdx2 expression can affect cell allocation to inside or outside positions by a direct or indirect effect on spindle orientation, and that this difference in positional allocation underlies the different relative contributions to the trophectoderm.
Down-regulation of Cdx2 leads to an increased contribution to the ICM
We next wished to determine whether the down-regulation of Cdx2 expression might have the opposite effect on cell distribution within the blastocyst. To this end, we generated a Cdx2-depleted clone within embryos before the allocation of cells to inside positions. We achieved this by injecting Cdx2 dsRNA into single blastomeres of late two-or early four-cell embryos. As before, mRNA for DsRed was coinjected as a lineage marker. Such injection of Cdx2 dsRNA (RNAi) indeed down-regulated the levels of Cdx2 protein in just half of the embryo ( Fig. 3A-H ). Embryos were cultured to the 32-cell blastocyst stage, and all of their divisions were scored in time-lapse microscopy before finally being analyzed for the distribution of progeny of each blastomere in the trophectoderm and ICM. Both Cdx2-RNAi and However, the effects on division a/symmetry and final cell distribution were opposite to those obtained in the Cdx2 overexpression experiments. We observed a significantly decreased contribution of symmetric divisions (40% first wave; 38% second wave) made by the Cdx2-RNAi clone relative to the noninjected clone (60% first wave; 62% second wave) (Mann-Whitney test P < 0.001 for both waves) ( Fig. 3P ; Supplemental Table 3A ). There was an expected reciprocal effect on the contribution of the two clones to asymmetric divisions. Also as expected, on average significantly more of the ICM was derived from the Cdx2-RNAi clone in comparison with the noninjected clone: total number of ICM cells = 227, 56% (126) versus 44% (101) from Cdx2-RNAi and noninjected clones, respectively (Mann-Whitney, P < 0.001) (Supplemental Table 3B ). Conversely, the Cdx2-RNAi clone made a reduced contribution to the trophectoderm (Supplemental Table 3B ). As with overexpression experiments, this result was not due to the injection per se as control injection of dsRNA for DsRed does not change the ICM versus trophectoderm contribution, as we showed previously (Plusa et al. 2005a ). Together, these results indicate that the consequences of down-regulation of Cdx2 upon cell fate in the embryo reciprocate the effects of overexpression. Thus, either a decrease or an elevation in Cdx2 expression can influence cell fate such that cells with a higher level of Cdx2 contribute more cells to the trophectoderm and do so by increasing the number of symmetric divisions and vice versa for cells with lower Cdx2 levels.
Levels of Cdx2 expression affect the extent of aPKC apical localization
Previous work has shown that the relative proportions of asymmetric and symmetric divisions can be influenced by the manipulation of the levels of aPKC expression, a protein involved in the genesis of apico-basal polarity at this stage (Plusa et al. 2005a ). We therefore examined whether aPKC expression was affected by the level of Cdx2. As before, Cdx2 mRNA was injected into one late two-cell blastomere, and the distribution of aPKC protein was examined at the four-to eight-cell transition in such mosaic embryos. We found that in all cases (n = 17 embryos) the progeny of the injected cell displayed more extensive and concentrated aPKC protein localization to the apical poles of blastomeres (Fig. 4) . This demonstrates that the distribution of aPKC can be influenced by Cdx2 expression levels in ways that might explain the differential allocation of cells to inner/outer positions.
Heterogeneity of Cdx2 protein is not random, but relates to cell origin
Having found that experimental manipulation of the levels of Cdx2 is able to influence the proportion of blastomeres that contribute to the trophectoderm through effects on division symmetry, we investigated whether the natural variation in the level of Cdx2 expression at the eight-cell stage (Supplemental Fig. 1 ) might also be associated with specific developmental consequences. To address this question, we first determined whether blastomeres expressing Cdx2 at much higher levels do so at random or with regard to lineage identity. The distinction between these two possibilities requires accurate assessment of the identity of individual eight-cell blastomeres. Although blastomeres cannot be easily distinguished by their overall morphology, their identity can be recognized on the basis of which part of the zygote they inherit. The first division of the zygote is typically along the AV axis, defined by the position of the previous asymmetric meiotic division (marked by the second, attached polar body). Thus, the first division results in blastomeres inheriting both A and V components of the zygote. However, at the second cleavage, typically one of the blastomeres undertakes a division more perpendicu- lar to the AV axis (equatorial, E), generating blastomeres that have predominantly either A or V components. Thus, different orientations of early cleavage divisions in relation to the AV axis and each other partition A and V components unevenly between four-cell blastomeres (Gardner 2002) . Indeed, this has been found to have consequences for development as blastomeres resulting from a later E division have a significantly compromised developmental potential and reduced levels of a particular epigenetic modification important for expression of pluripotency Torres-Padilla et al. 2007 ). Moreover, their progeny undertake significantly more symmetric divisions and so make a greater contribution to the trophectoderm (Bischoff et al. 2008) . Together, these earlier findings suggested the hypothesis that such blastomeres resulting from the later E division might indeed be the ones in which expression of Cdx2 is elevated.
To address this hypothesis, two-cell embryos were collected, and one blastomere was injected at random with rhodamine dextran. Four-cell embryos were sorted into those in which an M division preceded an E division (ME) and vice versa (EM) scored in relation to the attached polar body. They were further sorted according to which of their blastomeres was positive (+) for rhodamine dextran (M+E, ME+, E+M, or EM+). Groups of similarly classified embryos were fixed 7-8 h after the onset of the eight-cell stage, immunostained for Cdx2 expression, and examined by confocal microscopy. The intensity of staining of each nucleus in every embryo was scored blind-to-group-type by two independent observers as being weak or strong. It was found that blastomeres stained positively more often and more strongly when A and V parts of the zygote were separated by the second E division (ME embryos) ( 2 test, P = 0.004) ( Fig. 5 ; Supplemental Movie 3). This result suggests that the orientation and order of divisions from two to four cells may indeed influence the pattern of the Cdx2 expression among blastomeres in the eight-cell embryo. Specifically, blastomeres in which the A and V parts of the zygote are separated in the ME cleavage pattern showed significantly stronger Cdx2 expression than all other cells.
Heterogeneity of Cdx2 mRNA is not random, but relates to cell origin
As it is difficult to quantitate levels of protein expression from immunostaining, we determined whether the effects of the early cleavages upon the level of Cdx2 protein could also be detected at the mRNA level using quantitative TaqMan-based real-time PCR. Levels of Cdx2 transcripts in typed eight-cell blastomeres derived from EM and ME embryos were compared to provide an objective assessment of variation in expression levels. Embryos were carefully classified as ME or EM and the A and the V blastomeres resulting from E divisions marked as shown in Figure 6A and its legend. The embryos were then cultured to the mid-eight-cell stage and disaggregated to pairs of cells (2/8), which were then sorted according to type (one pair each per embryo of EM-AV1, EM-AV2, EM-A, and EM-V, and one pair each of ME-AV1, ME-AV2, ME-A, and ME-V). A total of 14 EM-AV pairs, seven EM-A pairs, and seven EM-V pairs was analyzed, the corresponding numbers for ME pairs being 20, 10, and 10. RNA from each pair of blastomeres was isolated, and the levels of Cdx2 mRNA were normalized against Oct4 mRNA levels in the same cell extract and expressed as a ratio. As controls, mRNAs for two ICM marker genes (Sall4 and Esrrb) isolated from the same cells were also expressed as a ratio relative to Oct4 mRNA levels. Thus, 68 2/8 blastomere pairs were individually analyzed for a total of 816 PCR reactions. Clustering AV pairs and, Figure 5 . Expression patterns of Cdx2 protein during development. One two-cell blastomere was injected with rhodamine dextran, and embryos were monitored through division to four cells and sorted into groups according to the sequence of second cleavage division orientations (ME or EM), and which of the dividing cells was positive for dextran. Embryos were then cultured until 7 h after the onset of the eight-cell stage and stained as in A and B. (A) Cytoplasmic rhodamine signal in two of the four eight-cells visible indicates dextran status, which in this example were derived from an M-dividing cell. (B) Cdx2 expression in the same section, with arrowheads indicating strong nuclear expression in progeny of the E dividing blastomere, and arrows indicating weak expression in their M-derived counterparts. (C) Phase image of the same embryo. (D) DNA stained with TOTO3 in the same plane through the same embryo. (E) Blastomeres in nine ME and 10 EM embryos (making 72 and 80 blastomeres, respectively) were scored for Cdx2 expression status as negative, weak, or strong by two independent scorers who were blind to the origin of embryos and each other's score. The cumulative score for all cells is shown. The only cross-comparison showing a significant difference was between M-and E-derived strongly staining blastomeres from ME embryos (P = 0.004; fourfold 2 test, df = 1). Bar, 10 µm.
separately, A plus V pairs, represent 14 biological replicates for EM embryos and 20 biological replicates for ME embryos. Cdx2 mRNA was below the detection threshold in two-cell embryos, and traces only were detected in fourcell embryos (data not shown), but by the mid four-cell stage, Cdx2 expression was detected clearly. Relative to Oct4, its levels were found to be more variable among eight-cell blastomeres from ME than from EM embryos (Fig. 6B) , and, overall, its expression was also significantly higher in ME-derived cells (P = 0.007; Student's t-test to compare means, P = 0.0065; Mann-Whitney test to compare medians). The variation in Cdx2:Oct4 expression observed among ME-derived blastomeres was due to its significantly elevated expression in the A and V blastomeres derived from E divisions compared with that in M-derived AV blastomeres (Mann-Whitney test, P = 0.001) (Fig. 6C,D) . This expression was 5.4 times Figure 6 . Differential Cdx2 mRNA expression at the eight-cell stage in blastomeres derived from ME and EM embryos. (A) Tracking of blastomere divisions and the harvesting of 2/8 blastomere pairs. One two-cell blastomere was injected with rhodamine dextran. In vitro cultured embryos were observed every 15-20 min and subsequently sorted based on the division plane orientation of the first dividing blastomere, with respect to the AV axis (either M or E) as indicated by the position of the polar body. The second division was similarly classified, thus identifying ME and EM embryos (the few MM and EE embryos were not analyzed). At the four-cell stage, the blastomere in the vegetal (V) position was injected with FITC-conjugated dextran (green). Embryos were cultured until the eight-cell stage had occurred, disaggregated into 4× 2/8 pairs per embryo, the pairs were sorted according to type as shown, and total RNA was extracted from each 2/8 pair for gene expression analysis. (B) Taqman real-time PCR analysis of 68 individual 2/8 blastomere pairs (as defined in A) from 10 ME and seven EM eight-cell embryos. The expression, in technical triplicate, of Oct4, Cdx2, Sall4, and Esrrb was determined in each 2/8 blastomere pair. The data are presented as a ratio against the Oct4 values. Note that the Cdx2:Oct4 ratio is both higher and more variable in ME than EM embryos. (C) The averaged ratios (+SD) of all the AV 2/8 blastomeres compared with those for the all combined A plus V samples shown separately for the ME and EM embryos. Note that for ME-derived 2/8 blastomere pairs, relative Cdx2 levels are significantly higher in combined A plus V blastomeres than in AV blastomeres (when distributions are compared in a Mann-Whitney test; P < 0.001) and that relative Sall4 levels are lower for the ME-derived 2/8 pairs than for the EM-derived 2/8 pairs regardless of type (P < 0.001; Student's t-test). (D) Tabulated data from B and C showing mean, median, SD, minimum, maximum, and upper (Q1) and lower (Q3) quartile values for pooled expression data of AV1 plus AV2, and for pooled A plus V blastomeres in ME and EM embryos. P-values are shown for a Mann-Whitney test, between the datasets from M and E blastomeres within ME and EM embryos.
higher in E than M blastomeres. This finding paralleled the immunocytological results (Fig. 5) . No such differences were observed for control (Sall4:Oct4 and Esrrb:Oct4) ratios, although ME-derived cells were distinguishable overall from EM-derived cells by their lower Sall4:Oct4 ratios (P < 0.001; Student's t-test, P = 0.023; Mann-Whitney test). Thus, at both protein and mRNA levels, ME-derived embryos can be distinguished from EM-derived embryos by the fact that, in the former, cells resulting from E divisions showed significantly stronger expression of Cdx2. Thus, the expression of Cdx2 at the eight-cell stage does not appear to be initiated at random, but in relation to the lineage of cells.
Cdx2 mRNA becomes localized apically at the eightand 16-cell stages and so is distributed asymmetrically upon differentiative divisions
The ability to detect Cdx2 transcripts at the eight-cell stage by real-time PCR led us to examine the question of whether their spatial distribution could be visualized by fluorescent in situ hybridization. Cdx2 transcripts were strongly detected in blastocysts (n = 12) being restricted, as expected, to the trophectoderm (Supplemental Fig. 4 ; Supplemental Material). Again, we found no convincing evidence of Cdx2 expression prior to the eight-cell stage (n = 10) (Fig. 7F) . However, at the eight-cell (n = 12) (Fig.  7A-C) and 12-to 16-cell (n = 36) (Fig. 7D) stages, Cdx2 mRNA transcripts were clearly detectable and appeared more abundant in a subset of cells (sense controls showing no signal, Fig. 7E ). Most interestingly, we found that the Cdx2 transcripts were concentrated in the apical domains of eight-and outer 16-cell blastomeres (Fig. 7A-D,G) . To further ensure the specificity of this localization, we down-regulated Cdx2 expression by RNAi in one of the two-cell blastomeres and could, as expected, see the in situ signal clearly only in half of the cells of the eight-cell stage embryo (Fig. 7H) . Moreover, this apical localization was not seen for transcripts of genes encoding other transcription factors that are important for cell commitment and expressed at this stage. Neither Sox2 nor Nanog transcripts were located apically (Supplemental Figs. 5, 6) . Thus, the polarized distribution of message along the apico-basal axis of eight-and 16-cell blastomeres appears specific to Cdx2. Examination of blastomeres in which mitotic figures were evident revealed that in each cell this polarized distribution of Cdx2 mRNA remained evident during cell division (Fig. 7C) . This means that symmetric divisions of eight-and 16-cell blastomeres are likely to provide both daughter cells with a similar amount of Cdx2 message, while differentiative divisions would generate an outside daughter cell with relatively more Cdx2 mRNA than her inside sister cell. Thus, divisions generating inside and outside cells are truly asymmetric as they distribute the message of the cell fate-determining gene asymmetrically between the daughter cells. This unequal distribution would contribute to breaking the symmetry between inside and outside cells and so could lead to the lineage diversification.
Discussion
This paper addresses the allocation to, and specification of, cells as trophectoderm or ICM and suggests a relationship between the two processes. Specifically, we examined the nature and timing of the influence of Cdx2 on trophectoderm development. Our data indicate that (1) elevated expression of Cdx2 by the eight-cell stage stimulates a greater allocation of cells to adopt outside positions by promoting symmetric divisions and thus leads to an increased contribution of cells to the trophectoderm; (2) this effect may be mediated, at least in part, through aPKC activity in the Cdx2-expressing cells; (3) conversely, the clonal down-regulation of Cdx2 results in cells making a proportionally reduced contribution to the outer compartment by undertaking more asymmetric divisions; and (4) the distribution of Cdx2 mRNA is polarized in eight-cell and outer 16-cell blastomeres, and this polar distribution persists during cell division, providing one possible explanation for the nature of the link between cell allocation and cell specification. We also find that the division pattern and thus cellular partitioning at the second cleavage influences the expression of Cdx2 mRNA and its protein at the eight-cell stage, and that these differences in expression pattern can influence allocation and specification in the nonmanipulated embryo. Our data suggest that the onset of Cdx2 expression and cell polarization may be interlinked to affect cell allocation to inside and outside positions as well as the later specification events to ensure the generation of a stable outer epithelium by the blastocyst stage.
Our observation that directed expression of Cdx2 in part of the embryo leads to an increased allocation of these cells to the outer cell population through an increased incidence of symmetric divisions is, to our knowledge, the first evidence in the mouse embryo that manipulation of a cell fate-associated transcription factor can influence division orientation. Although such an influence could be exerted directly on the spindle, it seems likely that the effect is in part indirect through an influence on cellular polarity-for example, via Par3 or aPKC (Plusa et al. 2005a )-and this might affect apical pole size (Pickering et al. 1988) . Interestingly, therefore, we find that Cdx2 up-regulation is associated with an increased expression of aPKC, a molecule that itself becomes polarized at the eight-cell stage. The direct down-regulation of aPKC was shown previously to increase cell allocation to the inside position (Plusa et al. 2005a) , an observation consistent with our current findings. It is of interest that the aPKC gene has in its potential regulatory sequences a consensus binding site for Cdx2 (our unpublished data).
It has recently been shown that cells lacking Cdx2 can still contribute to the outside part of the embryo in chimeras and that aPKC is initially localized apically in these cells (Ralston and Rossant 2008) , which indicates that aPKC expression cannot be exclusively dependent on Cdx2. We also find here that following depletion of Cdx2 in part of the embryo by RNAi, cells can still remain outside. There is, however, a difference between Ralston and Rossants' report (Ralston and Rossant 2008) and the present study. While both papers indicate that cells without Cdx2 can localize outside, our data indicate that such Cdx2-depleted cells are less likely to do so-they have preference to give rise to more ICM cells than their neighbors. Conversely, we find that cells with higher levels of Cdx2 are less likely to be allocated to the inside position and thus to form the ICM. Furthermore, tracking all individual cells in normal development has shown that the natural heterogeneity in Cdx2 levels at the eight-cell stage has similar consequences: cells with naturally higher levels of Cdx2 contributing more cells to the trophoectoderm and vice versa (Bischoff et al. 2008 ). Together, these findings indicate that the level of Cdx2 expression affects allocation of cells and, consequently, their properties by influencing whether cell division is symmetric or asymmetric. What might be the reasons behind this difference between the observations of Ralston and Rossant (2008) and our own? One possibility is that they might reflect the different experimental approaches used by the two labs, both of which are to some extent invasive. In our case, we microinjected one of the two-cell blastomeres to generate "chimeras," enabling us to compare blastomeres with different Cdx2 levels (up-or down-regulated) that originated from within the same embryo. Ralston and Rossant aggregated Cdx2 −/− cells together with cells of wild-type embryos, an approach that by its nature disrupts embryo integrity. A second difference between the two studies is of the technique used for experimental analysis. Ralston and Rossant (2008) analyzed the "aggregation chimeras" at later, more mixed stages of blastocyst development at a time when further cell divisions can change the proportions of cells that have been first allocated to the two, inside and outside, compartments. Our studies focused upon early blastocysts immediately after cell allocation is completed and also used time-lapse observations to follow the specific cell divisions allocating cells to inside or outside positions. These approaches reflect the differing objective of the studies; Ralston and Rossant (2008) aimed to Cdx2 and cell polarity affect cell allocation examine trophectoderm specification, whereas we were addressing allocation of cells to the trophectoderm.
It should be stressed, however, that the data of Ralston and Rossant (2008) and the present study are complementary. The indication from the former that Cdx2 acts downstream from cell polarization is echoed by our finding that Cdx2 transcripts become asymmetrically distributed in response to cell polarity. However, our study suggests that, in addition, there is a positive feedback loop between Cdx2 and cell polarization. This is because increased levels of Cdx2 in turn lead to the increased apical localization of aPKC. We hypothesize that this feedback loop facilitates the formation of a stable epithelium when the trophectoderm becomes specified. In natural embryonic development, provision of cells with higher Cdx2 levels that give rise preferentially to trophectoderm lineages and of those with lower Cdx2 levels that are predisposed to make a greater contribution to the ICM might ensure that the process of building the embryo is more successful. Indeed, Cdx2-null trophectoderm is unable to maintain its polarized epithelial integrity and polarized gene expression , consistent with the role proposed for it here in promoting the polar phenotype.
The distinction between allocation and specification of the trophectoderm is one of the central issues addressed by our study, which provides a bridge between currently competing ideas about how the blastocyst forms: the earlier events that bias cell allocation being confirmed by later specifying events. There is now general agreement that the allocation of cells to inside and outside positions is first achieved by the asymmetric divisions of polarized eight-cell blastomeres. This allocation is later followed by the specification of outer or inner cells as trophectoderm or ICM, respectively. Cdx2 plays a critical role in trophectoderm specification (Niwa et al. 2005; Strumpf et al. 2005) . As development progresses from the eight-cell stage onward, Cdx2 appears to be up-regulated in outer cells and down-regulated in inner cells by the late 32-cell stage. Our present data bear on how cell allocation might be related to cell specification. We find that Cdx2 mRNA becomes apically enriched within the eight-cell blastomeres as they become polarized, and this distribution is not lost during division. Thus, any division that is asymmetric will lead to an inner population of cells, which inherit less Cdx2 mRNA than do outer cells. Ultimately, this might then lead to differential Cdx2 protein levels and to different specification patterns in the two cell populations. Indeed, Cdx2 down-regulates Oct4 and Nanog (Niwa et al. 2005) . Whether the apical enrichment of Cdx2 mRNA is due to transport (active or passive) or due to spatially regulated differences in transcript stability, is at present unknown.
The early onset of Cdx2 expression is linked to the emergence of some developmental patterning that appears to reflect a vestige of some asymmetry that existed in the zygote. Several studies have suggested that differential orientation of early cleavage divisions brings about differential cellular partitioning that influences the distribution of cells at the blastocyst stage (Gardner 1997 (Gardner , 2001 (Gardner , 2002 (Gardner , 2007 Piotrowska and Zernicka-Goetz 2001; Bischoff et al. 2008) . Thus, in the majority of embryos, the first cleavage division is along the AV axis and so distributes both A and V material to both daughter blastomeres (Gulyas 1975; Gardner 1997; Plusa et al. 2002 Plusa et al. , 2005b Gray et al. 2004 ). Because of controversy in the early mouse embryo field, it is important to stress that such assessment can be accurate only when the marker of this axis (the second polar body) remains attached to the embryo and before any flow of membrane markers in cytokinesis (Plusa et al. 2005b) . It is not possible when the polar body detaches and undertakes extensive movement, as observed in embryos cultured by Hiiragi and Solter (2004) . The two-cell blastomeres resulting from the division parallel to the AV axis consequently seem developmentally very similar; mice have been produced from the half embryos derived from them (Tarkowski 1959; Tsunoda and McLaren 1983; Papaioannou et al. 1989) . Divisions more perpendicular (equatorial) to the AV axis are first usually observed during the second cleavage divisions. At least one two-cell blastomere divides equatorially in ∼90% of embryos, thereby raising the possibility of a differential distribution of A and V parts at this stage (Gardner 2002) . Indeed, aggregation chimeras made exclusively from four-cell blastomeres inheriting mainly either A or V parts show significantly compromised development in comparison with chimeras inheriting parts from both poles ). This effect was particularly marked in vegetal-only chimeras, which showed defects in preimplantation development and failed to develop into pups. Moreover, four-cell blastomeres differ in the extent of histone modifications associated with genes that influence cell pluripotency, and these epigenetic differences correlate with the inheritance of the A or V parts from the zygote (Torres-Padilla et al. 2007 ). These findings raise the possibility that the inheritance of different parts of the zygote might influence the properties of individual blastomeres. There is no suggestion that these early influences specify cells, committing them to different lineages, but they may influence the allocation of cells to different positions and affect their developmental fates. Exactly how this early division pattern might affect later cell allocation is currently unclear, but our present study suggests the interesting possibility that they might operate by influencing the expression levels of a transcription factor implicated in specifying the trophectoderm lineage. Thus, we find that the expression pattern of Cdx2 at the eight-cell stage depends upon the division orientation at the two-to four-cell stage. In those cell lineages derived from events in which A and V parts are separated by the later second cleavage division, Cdx2 expression is elevated at both RNA and protein levels by the eight-cell stage. The RNA differences are particularly intriguing: The Cdx2:Oct4 ratio is significantly (5.4 times) elevated in blastomeres resulting from E divisions in ME embryos. The Esrrb:Oct4 control val-ues do not differ significantly across embryo or blastomere type, as expected for two coexpressing transcription factors (Loh et al. 2006) . However, the other control ratio, Sall4:Oct4, shows a significantly depressed expression in all blastomere types from ME embryos. Sall4 is also coexpressed with Oct4 in preimplantation embryos, but acts upstream of it to stimulate Oct4 expression . Its down-regulation has been shown to depress Oct4 expression, and to indirectly promote Cdx2 expression and trophectoderm differentiation. The small but significant reduction in the Sall4:Oct4 ratio in ME-derived blastomeres suggests that the cleavage pattern generating ME embryos may not only affect Cdx2 expression but also Sall4 expression.
The observation that partitioning of the zygote can influence the level of early Cdx2 expression raises the question of whether these differences in Cdx2 can influence cell allocation in the nonmanipulated embryo. Recent in situ tracking of blastomeres showed that E dividing blastomeres from ME embryos undergo predominantly symmetric divisions and as such contribute predominantly to the trophectoderm Bischoff et al. 2008) . Here, we show that these cells have significantly elevated levels of Cdx2 mRNA and protein.
That this relationship might be causal is suggested by our observation that progeny of cells showing elevated expression of Cdx2 also undertake significantly more symmetric divisions and make a greater contribution to the trophectoderm.
In conclusion, we suggest that not only does the later positioning of cells influence expression of Cdx2, but also the early expression of Cdx2 can influence polarity and cell positioning. This leads to the idea of a two-step process for generating differences among cells in the mouse embryo in which molecular self-reinforcement may play a role. It allows the progressive building of differences through a metastable precommitment period. The first step would be a result of heterogeneity that develops among cells before the onset of the asymmetric divisions that generate inside cells at the eight-cell stage. The second is a consequence of the asymmetric divisions that set apart inside and outside cell populations. The first step was inferred previously from the significantly reduced developmental potential of cells inheriting different cellular components, rather than components of both poles of the zygote . The development of these cellular differences along the AV axis before the eight-cell stage is associated with specific differential epigenetic modifications (Torres-Padilla et al. 2007 ). Some reports have argued against the existence of these early differences among cells stressing that the prerequisite for the first differences is formation of inside and outside cell populations (Louvet-Vallee et al. 2005; Motosugi et al. 2005; Kurotaki et al. 2007 ). However, none of these reports has actually examined and compared developmental potential or gene expression of individual blastomeres inheriting different parts of the zygote to substantiate their conclusion. The second step of the two-step process establishing cell diversity occurs with the development of cell polarity at the eight-cell stage, followed by the onset of asymmetric divisions and the inside or outside positioning of cells during the transition to the 32-cell embryo. The inside and outside cells are distinct as a consequence of inheriting different components (Handyside and Johnson 1978; Ziomek and Johnson 1981; Johnson and Ziomek 1982; Louvet et al. 1996; Thomas et al. 2004; Plusa et al. 2005a) , as well as in response to their differential positioning within the embryo (Tarkowski and Wroblewska 1967) . Interestingly, our study demonstrates that Cdx2 mRNA is among the differentially distributed components, and since Cdx2 is a cell fate-determining gene, it seems that the differential divisions can be termed truly asymmetric in terms of cell fate direction. As in step one, the differences between cells generated by this second step (asymmetric divisions) are also initially not determinative and can be reversed in experimental situations (ZernickaGoetz 2005) . However, in normal development this spatial and temporal regulation of Cdx2, which promotes trophectoderm fate and inhibits expression of the genes involved in ICM specification, ensures that the final outcome is a fully functional blastocyst.
Materials and methods
All chemicals, unless otherwise stated were from Sigma.
Embryo collection and culture
Embryos were collected into M2 medium with 4 mg/mL BSA (M2 + BSA) from F1 (C57Bl6 × CBA) females superovulated with 10 IU of PMSG (Intervet) and 10 IU of hCG (Intervet) 48 h later and mated with F1, H2B-EGFP (Hadjantonakis and Papa ioannou 2004), or CAG:myr-Venus (Rhee et al. 2006) mice. Embryos were cultured in KSOM with 4 mg/mL BSA (KSOM + BSA) under paraffin oil in 5% CO 2 at 37.5°C.
Injection of mRNA and dsRNA for Cdx2
A full-length ORF Cdx2 DNA construct was cloned into pBluescript RN3P plasmid and prepared as previously described (Zernicka-Goetz et al. 1997) . To overexpress Cdx2, one blastomere was injected with mRNA for Cdx2 (50 ng/µL) and DsRed(0.3 µg/µL) or, in controls, DsRed alone. To down-regulate Cdx2, dsRNA was synthesized in vitro using T7 RNA polymerase (Ambion). A PCR using the construct described above, using primers specific to T7 RNA polymerase core sequence, synthesized the template Primer Cdx2T7-F, TAATACGAC TCACTATAGGAACCTGGCTCCGCAGAACTTTG; Primer Cdx2T7-R, TAATACGACTCACTATAGGTTCCTCCTGAT GGTGATGTATCG.
Embryos were cultured until the blastocyst stage and then observed under an inverted confocal microscope. Sections were recorded every 0.4 µm (Supplemental Movie 1).
Time-lapse imaging and analysis
Lineages were followed by time-lapse microscopy and analyzed with SIMI Biocell software (for details, see Bischoff et al. 2008 ). Initiation of cell division was defined as the start of cleavage furrow ingression (in DIC images) and metaphase formation (in fluorescence images). To examine whether the division was symmetric or asymmetric, coordinates of cells were saved one frame (15 min) before division, and two frames later to determine the position of its daughters in relation to the embryo Cdx2 and cell polarity affect cell allocation
